Reported in this paper are the results of the orbit maneuver compensation in KAGUYA's Lunar transfer. Because of the uncoupled allocation of the attitude control thrusters, extra velocity increment ( v δ ) is induced whenever KAGUYA performs an orbit maneuver. Since the observed level of v δ was unacceptable range from the point of maneuver accuracy requirement, it was compensated by means of deducting estimated v δ from the orbit maneuver command.
KAGUYA was once injected into a long elliptical phasing orbit around the Earth, and after two revolutions on the phasing orbit, it was injected into a translunar trajectory for the final approach to the Moon. At the Lunar encounter, a deceleration maneuver was performed at a perilune passage of the Lunar approaching hyperbolic orbit, and KAGUYA is injected into a Lunar orbit. In the Lunar transfer phase of KAGUYA (i.e. the period before the Lunar Orbit Injection (LOI)), six orbit maneuvers were planned in all. Their names and roles are listed in Fig. 3 
Δ
by achieving the sufficient accuracy in the previous maneuvers is desirable from the point of the risk reduction on the way to the Moon.
These are the backgrounds of the required accuracy for the orbit maneuvers in KAGUYA's Lunar transfer phase.
In order to achieve this accuracy, the orbit maneuver was compensated to cancel the extra velocity increment induced by the attitude control ( v δ ). v δ estimation model was constructed and applied to the orbit maneuver compensation. The objective of this paper is to introduce the method of the orbit maneuver compensation, and to prove the validity of the proposed method based on the actual flight result of KAGUYA.
Trigger of Orbit Maneuver Compensation
On the launch date (Sep. 14), the first orbit maneuver c1 v Δ was performed, and it was followed by its adjustment maneuver a1 v Δ on the next day. Their plans and results are summarized in Table 1 3) . v Δ stands for the velocity increment of the maneuver. "Plan" is the v Δ derived from the orbit plan prior to the maneuver, "actual" is the v Δ calculated based on the orbit determination posterior to the maneuver, and "error" is the difference between them. In actual, the maneuver error is composed of the magnitude error and the direction error. However, the magnitude error is mainly discussed from here on, since the orbit maneuver compensation was made only for the magnitude. The reason will be noted later. The error of c1 v Δ was not so small, but it was not taken so serious. Since c1 v Δ was relatively large maneuver which was performed using the main engine, and its error was planned to be adjusted by succeeding Δ . Therefore, it was noticed that the maneuver error must be reduced in some way.
Preliminary Analysis of Maneuver Error
All of the orbit maneuver operation of KAGUYA were planned to be performed when KAGUYA was visible from domestic ground stations. And the range-rate of KAGUYA was continuously monitored during the orbit maneuver operation 4) . Δ . "Observation" is the 2-way range-rate derived from the actual measurement of the Doppler shift. "Calculation" is the predicted 2-way range-rate data constructed from the latest orbit determination and the orbit maneuver plan. When constructing the predicted data, the orbit maneuver was approximated as an impulsive velocity increment at the mid-point of the maneuver duration. The first observation to be pointed out is that, except for the large jumps of data around the orbit maneuver, no apparent step of O-C is observed before and after the maneuver. Clearly, the large jumps were induced by the impulsive approximation of the orbit maneuver when constructing "Calculation", but they can be ignored here. And the absence of apparent step indicates that the orbit maneuver itself achieved sufficient accuracy, which can be estimated as less than 0.01m/s. The attitude and orbit control subsystem (AOCS) of KAGUYA has the function called Velocity Incremental Cutoff (VICO). The data of the accelerometer is monitored and integrated onboard, and the orbit maneuver is automatically cut off at the moment when the target velocity increment is obtained. The observation proves that VICO functioned normally.
From Fig. 4 , it is obvious that the error of a1 v Δ was resulted from the acceleration continuously observed in the profile. This acceleration was originated by the translational force induced by the attitude control using the thrusters (Thruster Mode). As shown in Fig. 5 , all the thrusters of KAGUYA are mounted on its -x panel, and the thrusters used for the pitch and yaw attitude control are not mounted to produce pure control torque in a pair. Therefore, in Thruster Mode, the translational force in +x direction is induced by the attitude control. As a matter of course, this fact has been recognized qualitatively since the KAGUYA's design phase. However, the extra velocity increment induced by the attitude control ( v δ ) was not accounted quantitatively in the orbit maneuver plan.
The profile in Fig. 4 suggests that there are several types of the acceleration pattern. By comparing the profile with the operation plan, the correlation between the acceleration patterns and the operations was identified.
First, the large acceleration just after the orbit maneuver (from 23:00 to 23:15) corresponds with "Idling Mode". Idling Mode is one of the control mode of AOCS, and it is specialized for the stabilization of the attitude motion just after the orbit maneuver. The operation duty of the thrusters in Idling Mode is relatively higher than that in the nominal Thruster Mode to stabilize the attitude under larger disturbance. This results in the larger acceleration observed in the profile. In this case, +x direction, which is the direction of the induced acceleration, always coincides with v These are the preliminary analysis of the maneuver error based on the O-C profile of 2-way range-rate around a1 v Δ .
Maneuver Compensation Process and Results

Compensation on Δv p1
The first phasing maneuver ). The item "command" means the quantity actually set to the orbit maneuver command, and it is simply the total sum of "plan" and "compensation".
As a result of the compensation, the error of , which was already considered in the previous step.
The magnitude and direction of Att v δ depend on the attitude maneuver profile during the orbit maneuver operation. Shown in Fig. 6 is the schematic of the attitude maneuver profile of a typical attitude reorientation. Basically, the attitude maneuver is performed as a rotation around a single axis. The rotation angle is expressed as θ and it is assumed to be 90deg. in Fig. 6 . The profile of angular acceleration ( θ ! ! ), angular velocity ( θ ! ), and θ are shown in the figure. As is shown in Fig. 6(b) , the profile is composed of three phases. They are "Run-up", "Coasting", and "Run-down". As is clear from Fig. 6(a) , the attitude control torque is produced only in Run-up and Run-down phase, and the same applied to the translational acceleration induced by the attitude control. And Fig. 6(c) shows that the attitude in Run-up and Run-down phases can be approximated as the initial and terminal attitude of the attitude maneuver. What it comes down to is that Table 3 . As a result of the compensation, the error of 
Compensation on Δv p2
The second phasing maneuver (Fig. 9) . As a result of this change, the attitude maneuver profile of Table 4 . As a result of the compensation, the error of 
Summary of maneuver compensation process
The results of the maneuver compensation process are summarized in Fig. 11 . Evidently, the maneuver accuracy was improved step-by-step as v 
Cancellation of Δv c3
Based on the orbit determination after Δ required to achieve the LOI condition was estimated as 0.10m/s, which was just on the threshold to decided its execution. However, the error of the perilune altitude in case of c3 v Δ omission was estimated as 4km, which was well within acceptable range. The errors of the other orbit parameters were also within acceptable range, and they were expected to be corrected in the succeeding LOI maneuvers with a small v Δ increase. Based on these results, it was decided to cancel c3 v Δ . As a result, the risks of performing c3 v Δ were completely eliminated.
Conclusion
The orbit maneuver compensation was performed in order to transfer KAGUYA safely and accurately to the Moon. The compensation intended to cancel v δ induced by the attitude control. v δ estimation model was constructed based on the monitored data of the 2-way range rate during the maneuver in the early phase. The maneuver accuracy was improved step-by-step as the v δ estimation model was refined. This proves the validity of the proposed v δ estimation model. Additionally, the parameters update based on the results of the preceding maneuvers is likely to contribute to the accuracy improvement. In conclusion, the appropriate orbit maneuver compensation resulted in the safe and accurate Lunar transfer of KAGUYA. 
